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The invention relates to a method of storing hydrogen that
employs a mixture of hydrogen and a hydrocarbon that can
both be used as fuel. In one embodiment, the method involves
maintaining a mixture including hydrogen and a hydrocarbon
in the solid state at ambient pressure and a temperature in
excess of about 10 K.
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MIXTURE INCLUDING HYDROGEN AND
HYDROCARBON HAVING
PRESSURE-TEMPERATURE STABILITY

This application claims priority of copending provisional
application No. 60/644,998, filed on Jan. 21, 2005.

STATEMENT OF RIGHTS TO INVENTIONS
MADE UNDER FEDERALLY SPONSORED
RESEARCH

This invention was made with U.S. government support
under grant numbers DE-FG02-99ER45775 and DE-FCO03-
03NA00144 from the Department of Energy, DMR 0079513
from the National Science Foundation, and NAGS5-11613
from NASA. Accordingly, the U.S. Government may there-
fore have certain rights in the invention.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to a method of storing hydro-
gen and to a compound including hydrogen and a hydrocar-
bon and more particularly, to acompound including hydrogen
and hydrocarbon having pressure-temperature stability.

2. Discussion of the Related Art

The technology of using hydrogen as an environmentally
clean and efficient fuel is an active research area worldwide.
Liquid hydrogen, which carries a high density of hydrogen
(70 g/liter) and is a commonly used form in prototype auto-
mobiles, is very energy intensive; up to 40% of the energy
content must be spent to liquefy hydrogen at its very low
condensation temperature T of 20° K. This low temperature T
cannot be provided by practical and inexpensive cooling
agents, e.g., liquid nitrogen (>77° K.); hence, the continuous
boil-off of liquid hydrogen poses problems to on-board stor-
age. Compressed hydrogen gas, also a commonly used stor-
age system, typically only holds 15 g/liter at 35 MPa. Higher
pressures could hold higher hydrogen densities, but are com-
plicated by safety concerns and logistical obstacles. Other
storage methods, including molecular hydrogen adsorption
on solids of large surface (e.g., carbon nanotubes) and bonded
atomic hydrogen in hydrocarbons or in metal hydrides, have
been developed extensively to address key issues of hydrogen
content, P-T conditions of synthesis and storage, and on-
board hydrogen release.

Storing molecular hydrogen in the host of planetary ices
(i.e., major constituents of icy satellites such as H,O, CH,,
NH,;, CO,, etc.) and other larger molecules as a crystalline
molecular compound may provide an attractive alternative
method for hydrogen storage. A great variety of gas-ice
molecular compounds have been synthesized by varying the
P-T conditions and the chemistry of the gases and ices, but
systems involving molecular hydrogen have scarcely been
studied. Two binaries, H,—H,O (6) and H,—CH,, were
previously investigated at high P and 300° K. for their plan-
etary and physical chemistry interest, resulting in the synthe-
sis of a myriad of hydrogen-rich, crystalline compounds.
They include H,(H,0), (23 g/liter hydrogen), which is stable
above 700 MPa; H,(H,O) (110 g/liter hydrogen), which is
stable above 2,200 MPa; and H,(CH,),, H,(CH,), (H,),
(CH,), and (H,),(CH,), which are stable between 4,500 and
8,000 MPa. These pressures, however, are too high; the
hydrogen-bearing solids must be brought to near ambient P to
be of practical interest for hydrogen storage. There is still a
need for new mixture capable of retaining a significant
amount of hydrogen in the moderately low temperature T
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(20°-300° K.) region. Furthermore, there is a need for meth-
ods of storing hydrogen using such compounds.

SUMMARY OF THE INVENTION

Accordingly, the present invention is directed to a method
of'storing hydrogen that substantially obviates one or more of
the problems due to limitations and disadvantages of the
related art.

An object of the present invention is to provide a method of
storing hydrogen that uses a mixture of hydrogen and hydro-
carbons that is stable at relatively high temperature and near
ambient pressures.

Another object of the present invention is to provide a
method of storing hydrogen that employs a mixture of hydro-
gen and hydrocarbon that can both be used as fuel.

Additional features and advantages of the invention will be
set forth in the description which follows, and in part will be
apparent from the description, or may be learned by practice
of the invention. The objectives and other advantages of the
invention will be realized and attained by the structure par-
ticularly pointed out in the written description and claims
hereof as well as the appended drawings.

To achieve these and other advantages and in accordance
with the purpose of the present invention, the applicants
invention, in one embodiment, is directed to a method of
storing hydrogen, which comprises maintaining a mixture
including hydrogen and a hydrocarbon in the solid state at
ambient pressure and a temperature just in excess of about 10
K.

It is to be understood that both the foregoing general
description and the following detailed description are exem-
plary and explanatory and are intended to provide further
explanation of the invention as claimed.

BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawings, which are included to pro-
vide a further understanding of the invention and are incor-
porated in and constitute a part of this specification, illustrate
embodiments of the invention and together with the descrip-
tion serve to explain the principles of the invention.

FIG. 1 illustrates a Schematic of an experimental set-up
using a cryostat and a diamond anvil cell in lever arm with a
close-up of opposing diamond anvils compressing a sample
within a BeCu gasket.

FIG. 2 illustrates grown crystal grains.

FIG. 3a illustrates a Raman spectra for fluid H,—CH,, and
solid H4M in the hydrogen vibron region.

FIG. 35 illustrates a Raman spectra for fluid H,—CH, and
solid H4M in the C—H stretch region.

FIG. 4 illustrates a melting curve for H4M.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENTS

Reference will now be made in detail to the preferred
embodiments of the present invention, examples of which are
illustrated in the accompanying drawings.

At high pressure (P), molecular hydrogen and other closed
shell systems can form a number of stoichiometric solid com-
pounds with other simple molecules (e.g., H,O, Ar, CH,). As
an important component of molecular cluster studies, van der
Waals solid compounds are of interest from a fundamental
point of view. Van der Waals solid compounds allow the study
of interactions in weakly interacting molecular and atomic
systems in different crystalline environments at high density.
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They exhibit many interesting materials properties with rel-
evance to many fields. For example, those containing molecu-
lar hydrogen may be significant for planetary science,
because H, is the most abundant molecular species in the
universe. These hydrogen-rich materials are also of potential
technological interest.

As discussed in Mao and Mao, “Hydrogen Storage In
Molecular Compounds”, Proc. Nat. Acad. Sci., Vol. 101, No.
3, pp. 708-710, Jan. 20, 2004 which is hereby incorporated in
its entirety, the stability field of (H,),(CH,), H4M, which was
small (5,000-6,000 MPa) at 300° K., greatly expanded and
became the only molecular compound between H, and CH,, at
1600 K and 1,000 MPa. The H4M was identified by using
Raman spectroscopy because it was found to be the only
H,—CH, compound having a hydrogen vibron peak at lower
energy than the Q1(1) vibron. Further, hydrogen forms at
least four molecular compounds with methane. One of par-
ticular interest from a hydrogen storage standpoint is (H,)
4CH, (H4M). H4M has the highest hydrogen content of any
currently known stoichiometric compound, containing 50.2
wt % hydrogen including the hydrogen in methane, 33.4 wt %
only considering the molecular hydrogen component, mak-
ing it a promising hydrogen storage candidate. In addition,
methane can be used as a secondary fuel. A practical hydro-
gen storage method should satisty a number of requirements
(e.g., high hydrogen content per unit mass and volume, mod-
erate synthesis pressure P, near ambient pressure P and mod-
erate temperature (1) for storage, easy hydrogen release, and
environmentally friendly byproducts).

Diamond anvil cell (DAC) studies allow characterization
of gas mixtures at high P over a range of T via a number of in
situ techniques. Melting represents a very important transi-
tion in H4M for determining its potential as a hydrogen stor-
age material. Information on the melting curve of H4M at
high pressure P (up to 6 GPa) and low temperature T (down to
10° K.) can be obtained using optical microscopy and Raman
spectroscopy.

FIG. 1 illustrates a schematic of an experimental set-up
using a cryostat and a diamond anvil cell (DAC) in lever arm
with a close-up of opposing diamond anvils compressing a
sample within a BeCu gasket. A DAC with 0.7 mm diameter
diamond culets, and 0.25 mm thick BeCu gaskets (to mini-
mize reaction with hydrogen) and drilled 0.3 mm diameter
holes to contain the sample. Several small ruby grains were
used as the pressure calibrant. The DAC was inserted in a gas
pressure vessel where a nominally 4:1 mixture of H, and CH,
gases (80.6 and 19.4 mole %, respectively) were compressed
to 200 MPa. After clamp-sealing the sample in the gasket at 1
GPa, the DAC was removed from the gas vessel and further
compressed using a lever arm. The whole assembly was then
introduced into a cryostat which was cooled using liquid
nitrogen and liquid helium. A silicon diode was attached to
the DAC near the sample to measure temperature. The DAC
was equipped with retracting springs to ensure complete pres-
sure reduction in the cryostat.
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Melting and crystallization of the sample were observed in
situ at high pressure P and low temperature T using optical
microscopy and Raman spectroscopy. The sample was ini-
tially a fluid mixture of H, and CH,,. After crystallization, the
sample was found to be in a single phase H4M. FIG. 2 illus-
trates grown crystal grains. Melting was observed by shrink-
ing of crystal grains and rounding of their edges before they
eventually completely transformed into the fluid phase.

Raman measurements were performed with 488 or 514.5
nm Ar"* ion laser lines. Two areas of interest in the Raman
spectra were the hydrogen vibron region, shown in FIG. 3a,
and the CH stretch region, shown in FIG. 3b. The hydrogen
vibron (Q,(J)) in the Raman spectra for the liquid and solid
were quite diagnostic for determining when the sample
melted or solidified. At the P-T of interest here, the hydrogen
molecules are non-rigid rotors, and essentially the only popu-
lated states are the J=0 and J=1 molecular rotational states,
i.e., the ground states of para (p-H,) and ortho molecules
(0-H,), respectively. The hydrogen molecules at the start of
the experiments are in the normal ratio of spin states (n-H,)
which is a 3:1 mixture of the ortho- and para-species.

Based on the generalized binary random alloy approxima-
tion, it has been previously demonstrated that the multiplet of
Q lines collapses into a single Q, (1) line with a diminishing
Q,(0) over a small range of pressure. As shown in the fluid
Raman vibron spectra, the hydrogen Q, (1) peak, v4 in FIG.
3a, dominate with a weak Q,(0) side peak (v,,) at slightly
higher frequency. The hydrogen in H4M solid, however,
shows two equally strong peaks (v, and v,,) and a weak side
peak (v,;). Previous publications indicated that the observed
doublet was due to a two phase region (i.e., v, corresponding
to fluid hydrogen and v, due to H4M), but we found that both
peaks occurred when the sample completely solidified. The
v,, and v, doublet can only be attributed to H4M and must be
due to either factor group splitting or two distinct H, sites in
the unit cell. The weak v, peak is thus the Q, (0) branch of v ,.
This information will provide constraints on the crystal struc-
ture and symmetry of H4M, which have not yet been deter-
mined. The slight negative shift of v, relative to v, may
indicate weak bonding and stabilization of hydrogen in H4M.

The vibrational properties of pure crystalline CH,, are well
understood. The totally symmetric C—H stretching mode
v, (A1) of CH, gives the strongest Raman band between 2900
and 2950 cm™", and the triply degenerate V, (F2) mode gives
a weak band at 3100 and 3150 cm™". In the present hydrogen
and methane mixture, the v,(Al) remains a single peak,
whereas the v, (F2) splits into doublet and triplet at low
temperatures, as shown in FIG. 3b. There is little difference
between the Raman spectra of CH,, in the fluid and in H4M
solid.

The sample was repeatedly cycled down in temperature to
crystallize the fluid and then down in pressure to melt the
solid in order to follow the melting line. The P-T conditions at
which crystallization or melting of the sample was observed
are listed in Table 1 below and plotted in FIG. 4.

TABLE 1
Vi1 V2 53 v Vo

P (GPa) T (K) Phase(s) Change P-T, (em™) (em™) (em™)  (em ™)  (em™)

6.02 300 Solid Solidified Pup

5.58 300 Fluid Melt P down

5.2 283 Solid Solidified Tdown 4200.1 42103 —

49 275 Fluid Melt P down 4208.0 4218.6

4.76 272 Solid Solidified Tdown 4198.0 4207.4 —

442 270 Fluid Melt P down 4205.0 42163
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TABLE 1-continued

Vs1

V2 Vs3 Va Ve
P (GPa) T (K) Phase(s) Change P-T, (em™)  (em™) (em™)  (em™!)  (em™Y
4.32 265 Fluid No change T down
4.28 261 Solid Solidified Tdown 41943 4204.5 —
4.01 261 Fluid Melt P down 4201.6 4211.4
3.95 225 Fluid No change T down
3.83 224 Solid Solidified Tdown 4189.3 4198.2 —
3.1 225 Fluid Melt P down 4193.3  4203.9
2.98 178 Solid Solidified Tdown 4179.3 4186.3 —
1.89 173 Fluid Melt P down 41759 41873
2.2 172 Solid Solidified Pup 4172.6 4182.4 4191.6
1.94 172 Fluid Melt P down
1.61 126 Solid Solidified Tdown 4163.6 4171.1 4186.4
1.02 119 Fluid + solid Melt P down
0.89 120 Fluid Melt P down 4163.9 4172.9
0.89 104 Solid Solidified Tdown 4156.3 41655 41769
0.7 107 Fluid Melt P down 4160.7  4169.1
0.67 95 Solid Solidified Tdown 4152.68 4161.5 4172.8
0.47 96 Fluid Melt P down 4155.6 4164.6
0.48 88 Solid Solidified T down
0.35 90 Fluid Melt P down
0.36 86 Solid Solidified Tdown
0.42 10 Solid Nochange Pdown 4147.8 41554 4163.9
0.17 10 Solid Nochange Pdown 4142.0 41484 41554
0 10 Solid No change  Pdown  4141.1 41479 41547
0 22 Decompose;, T up

There appeared to be considerable metastability at moder-
ate P-T during the temperature T cycle; the fluid required
significant undercooling to solidify; e.g., at 3 and 4 GPa the
undercooling is as much as 40° K. The hysteresis appears
much less during the pressure P cycle; e.g., at 1720 K the P
hysteresis is only 0.3 GPa. Without wishing to be bound by
theory, it is thought that this may have been due to the fact that
pressure P was changed with significant strain and distur-
bance of the sample that promoted the phase transformation.
Hysteresis in the phase diagram at low temperature T is not
unexpected and is an encouraging sign since the melting
curve intersects ambient pressure at 64° K. At lower T (i. e.,
about 100 K), the degree of undercooling and under pressur-
ing seemed significantly reduced. The melting point was
determined as the midpoint between the onset of crystalliza-
tion and the onset of melting. The data was fit to an empirical
melting Simon-Glatzel Law,

P(GPa)=2.67x10-3 T (K) 1.36-0.771,

which is shown in FIG. 4. The data are within experimental
error of the fit. Extrapolating to low pressure, the melting
curve intersects ambient pressure at 64K.

After reaching liquid nitrogen temperature, the solid was
cooled to 10° K. using liquid helium and then pressure P was
slowly released. The solid was quenched at 10° K. and the
nominal vacuum of the cryostat. Upon increasing tempera-
ture T, the sample decomposed at 23° K., which is higher than
the liquid boiling point of hydrogen. In other words, the
sample lost all of its hydrogen and left a solid methane at 23°
K. This is less than the 64° K. predicted from the melting
curve, but one factor to consider is the negligible hydrogen
partial pressure in the helium cryostat. H4M will be able to be
retained at much higher temperature T with a modest hydro-
gen partial pressure (e.g., 10 bar), thus enabling storage of
high hydrogen content in a solid at a practical P-T. Although,
the melting curves of H4M and pure hydrogen are similar
above 1 GPa, they differ significantly at lower pressure P
where the application to hydrogen storage is relevant. The
H4M solid is stabilized to 40° K. higher temperature T than
pure hydrogen at the same pressure P, as shown in FIG. 4.
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The melting curve of FIG. 4 for H4M from ambient to high
pressure P (6 GPa) and down to low temperature T (10° K.)
shows that H4M has potential to store hydrogen at ambient P
and low T. Further experiments on larger sample volumes in
gas reaction chambers with an appreciable hydrogen partial
pressure will help clarify the stability at low T and would
provide more accurate P measurements. Also, the use of
promoter molecules may stabilize H4M to higher tempera-
ture Tat ambient pressure P. Previous X-ray diffraction stud-
ies indicate that the phase may have a tetragonal methane
substructure, but these experiments were limited due to the
small pressure P interval over which H4M is stable at ambient
temperature T. Additional X-ray and neutron diffraction
experiments at lower temperature T are required to address
this question. The wide stability range of this hydrogen-rich
van der Waals compound provides important information on
the origin and density dependence of the intermolecular inter-
actions in this interesting class of materials.

It will be apparent to those skilled in the art that various
modifications and variations can be made in the present
invention without departing from the spirit or scope of the
invention. Thus, it is intended that the present invention cover
the modifications and variations of this invention provided
they come within the scope of the appended claims and their
equivalents.
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The invention claimed is:

1. A method of storing hydrogen, which comprises main-
taining a molecular compound comprising hydrogen and a
hydrocarbon, in the solid state, at ambient pressure and a
temperature of about 10 K, wherein the compound compris-
ing hydrogen and a hydrocarbon is (H,),CH,.

2. The method of claim 1, wherein the hydrogen in (H,)
4CH,, is liberated by raising the temperature of the compound
above about 23 K.

3. The method of claim 2, wherein the temperature of the
compound is raised isobarically.

4. The method claim 1, wherein the partial pressure of
hydrogen is less than about 10 bar.
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